ABSTRACT High-resolution two-dimensional polyacrylamide gel electrophoresis shows that at-least halfof 370 denatured polypeptides from hamster cells and human cells are indistinguishable in terms of isoelectric points and molecular weights. Molecular evolution may have been more conservative for this set of proteins than sequence studies on soluble proteins have implied. This may be a consequence of complexities of intracellular organization and the numerous macromolecular interactions in which most polypeptides, participate. It is suggested that the term "quinary structure" be used to refer to macromolecular interactions that are transient in vivou Such interactions will not be evident from the composition ofpurified proteins, but they may constitute an important source of constraints on changes in primary structure. (11) (12) (13) . Surprisingly, all agree that the apparent frequency ofpolymorphisms is much less than older surveys based on enzymic activity had implied (14, 15).
The study of electrophoretically separable protein variants has made a major contribution to our knowledge of genetic variability and molecular evolution since the classic studies ofHarris (1) and Hubby and Lewontin (2) . Most investigations have dealt with the products of one genetic locus at a time-identified by their enzymic activity after some simple separation procedure-such as starch gel or acrylamide gel electrophoresis of native proteins from serum or crude cytoplasmic extracts; extensive reviews have been written by Powell (3) , Ayala (4) , and others. In 1975, O'Farrell introduced a method of two-dimensional electrophoresis that can resolve at least 1,000 polypeptides on a single polyacrylamide slab gel (5) . Autoradiography makes possible the routine detection of components that represent as little as 10 (11) (12) (13) . Surprisingly, all agree that the apparent frequency ofpolymorphisms is much less than older surveys based on enzymic activity had implied (14, 15) .
Obviously, it is also possible to use O'Farrell gels to compare the polypeptides made by different organisms. I shall show below that this yields results consistent with the studies on intrapopulation variation by the same technique-i.e., the similarities between distantly related mammals are remarkably large. I propose that this evolutionary conservatism can be understood as a consequence of intracellular organization, which involves the majority ofcellular polypeptides in extensive macromolecular interactions.
RESULTS AND DISCUSSION
A convenient way to make pair-wise comparisons of complex protein mixtures is to combine a 3H-labeled preparation from cultured cells of one type with a "GC-labeled preparation from cells of a different type, examine the mixture of polypeptides by two-dimensional electrophoresis, and compare the pattern of 3H-labeled polypeptides with the "GC-labeled polypeptide pattern, by using double-label autoradiography (16 It is evident that there is a general tendency toward conservation ofisoelectric points in evolution (20) . Thus, even though many charge-change mutations occur, most of them tend to cancel one another. This can easily be understood as a consequence of the need for proteins to maintain approximately the same overall configuration ifthe same function is to be retained.
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However, the resolving power of double-label autoradiography (16) (16) after two-dimensional polyacrylamide gel electrophoresis (5) . (A) 3H-Labeled HeLa and "C-labeled CHO; (B) 3H-labeled CHO and 14C-labeled HeLa. In each case the white spots represent polypeptides found only in the 3H-labeled preparation. Cells were labeled overnight with radioactive leucine; homogenates were prepared as described (13) . the isoelectric points must be virtually identical, because single charge differences lead to completely separated spots in most regions of the patterns (7-9). The minimum molecular weight difference that can be detected varies; discrimination is evidently more sensitive for smaller polypeptides than for larger ones. Despite the complexity of the patterns, the probability of unrelated proteins occupying identical positions by chance appears to be small, because Escherichia coli and HeLa cell polypeptides are at least 98% distinguishable on these gels (16) .
Therefore, it is likely that nearly all of the coincident spots on the hamster and human gel patterns represent homologous polypeptides but not necessarily identical polypeptides. Amino changes, including histidines (data not shown); the net effect on pI will almost all be due to the fact that there are three more histidine residues in the rabbit than in the human enzyme. The histidines will be partially charged if the isoelectric point is between pH 7 we have similar data from two-dimensional gel comparisons of human and ape fibroblast proteins (e.g., Fig. 2 ). In these cases, the divergence time was too recent (roughly 10 million yr for humans, chimpanzees, and gorillas) for multiple charge changes to occur in most proteins (19) ; thus, the possibility of compensatory changes leading to conservation of isoelectric point is quite unlikely. Nevertheless, only 6 Fig. 1 , the conclusion that evolution of a large fraction of cellular polypeptides has been conservative, at least in regard to charged amino acids, seems inescapable. Precedents exist-e.g., the conservative evolution of histones is well known (22) . Histone IV appears to have evolved about 1/400th as rapidly as fibrinopeptides (19) . Ribosomal proteins are also known to evolve slowly; 90% of human ribosomal proteins are indistinguishable from the corresponding proteins of other mammals by two-dimensional electrophoresis (23) . Skeletal muscle actin has undergone almost no changes in the 300 million yr since birds and mammals had a common ancestor (24) .
Histones, ribosomal proteins, and actin are commonly regraded as exceptions to the "evolutionary clock" that is supposed to tick off amino acid substitutions at an average rate of l0o-per site per year. On the contrary, the results of two-dimensional gel analysis by O'Farrell's technique (5) imply that conservative evolution may be the rule, rather than the excepAllopral'aiw A-, 'a 010.
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FIG. 2. Comparison of total cellular polypeptides from skin fibro-
blasts of a gorilla (G) and a pygmy chimpanzee (C). Only a portion of each pattern is shown. The most conspicuous pair of different, but probably homologous, polypeptides is marked with a horizontal bracket. Three other pairs of spots that may be homologous polypeptides differing by a single charge are located at the tops of the Vs. Most other spots coincide precisely, whether they are labeled with 3H or 14C; these will not all be visible in the printed pattern because of an unavoidable lack of contrast. Cells were labeled overnight with radioactive leucine; homogenates were prepared as described (13 (26) . The possibility that molecular interactions may impose severe constraints on the evolution of some classes of proteins has also been thoughtfully considered by Zuckerkandl (27) .
Another aspect of evolutionary plasticity is variability within a population. Several investigators (15, 28, 29) have shown that monomeric enzymes are more polymorphic than oligomeric enzymes in a variety of organisms. These comparisons were all made with soluble proteins; levels of polymorphism for polypeptides that are part of more complex structures-and there are many that contain greater than four polypeptides-are not yet known, but it is reasonable to expect variability to be even lower in such cases than it is for tetrameric soluble enzymes.
On the basis of present knowledge, it is impossible to estimate the fraction of total cellular polypeptides that are part of proteins with complex quaternary structures in vivo, but it is highly likely that the fraction is larger than one might infer from reading a textbook of biochemistry. In part, this is due to normal human behavior; scientists study simple molecules before they study complex molecules. But "quaternary structure" is both a theoretical and an empirical term; the empirical fact that a given molecule appears primarily in the "soluble" fraction may divert our attention from the cataclysmic violence of the most gentle homogenization procedure. There are undoubtedly extensive interactions among macromolecules that are stable in vivo, but largely destroyed by cell fractionation. The discovery of the microtrabecular lattice, an intricate cytoskeletal network of great fragility, is a striking example (30) .
However, the concept of quaternary structure, even when it is explicitly extended to include molecular complexes that are stable in vivo but unstable in vitro, does not cover the full range of macromolecular interactions. There are many interactions that are inherently transient; I propose to call such interactions quinary structure, because they constitute the fifth level of organization. The existence of quinary structure is the second reason, alluded to previously, why most cellular proteins may have evolved slowly relative to the well-studied soluble proteins.
Examples of quinary structure are easily found among familiar cellular constituents. (i) Ribosomes, which have one of the most complicated quaternary structures known, interact transiently with initiation factors, elongation factors, and termination factors, as well as various other proteins associated with messenger RNAs (31) and the cytoskeletal framework (32) . To (30) , and so are the observations that many supposedly "soluble" enzymes sediment rapidly when living cells are centrifuged (35, 36) and that cell-associated water is mostly bound to large structures (37, 38) .
It is possible that different cell types contain larger proportions of genetically variable proteins than others, with fibroblasts and other conventional cultured cell lines (e.g., HeLa) being extreme examples of conservatism. For example, recent studies on mouse liver (39) report higher levels of interspecies differences-as detected by two-dimensional polyacrylamide gel electrophoresis-than one would have expected from the hamster-human similarities illustrated in Fig. 1 
